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in Boston 
Alan Mik 
I 
A record number attended the Fall 1998 Materials Research Society (MRS) meeting in Boston from 30 
November - 4 December. The Croup-lll-nitride technology field was as hot as the unseasonable Boston 
weather, with many records reported during the week. The ‘CaN and Related Alloys’ symposium was the 
longest of the meeting, with some 300 papers detailing progress in the materials, processes and properties of 
wide gap optoelectronic and electronic device technologies. 
T he gallium nitride sympo- sium opened with what is becoming a regular feature 
at such events - an invited talk and 
light show given by Shuji 
Nakamura from Nichia Chemical 
Industries. He reported on the lat- 
est technology in violet InGaN 
laser diodes and other light emit- 
ting devices. Unfortunately, there 
was one small glitch in the presen- 
tation - the overhead screen did 
not contain any phosphors - 
hence, his short wavelength laser 
diode pointer could not be used. 
He described Nichia’s latest tech- 
nology advances and commercial 
products. Nichia now produces a 
full range of nitride LEDs (w, blue, 
green, amber, red, and white) with 
the red LED being the only non- 
commercial product. 
With the meeting just prior to 
Nichia’s announcement of the 
commercial release of its blue/vio- 
let laser (announced midganuary), 
Nakamura informed the meeting 
that actual (not simulated) life- 
times exceeding 10 000 hours CW 
at 2mW had been achieved, and 
routes to low defect substrates 
documented. 
Nakamura’s talk also reviewed 
the latest advances in nitride tech- 
nology, including amber LEDs 11fi 
VS Review,Vol 11, NO 6, pp. 36-40). 
A summary of the current status of 
this data and other 111-nitride tech- 
nology, reported by Nichia, is pro- 
vided below. He also stated that 
laser diodes cannot be made from 
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gallium nitride quantum wells. 
Indium alloys are required togeth- 
er with superlattice structures and 
epitaxial layer overgrowth tech- 
niques to provide low defect de- 
vices grown over low defect leve1 
regions of the substrate. 
Other Nichia technology im- 
provements described by Naka- 
mura were : lower threshold 
voltages for nitride LEDs (3.7 V for 
green LEDs); higher continuous 
wave (CW) power-outputs for blue 
laser diodes in the 410-430 nm 
range (420 mW from a 3 x 500 nn-~ 
stripe); 5 mW CW for 70 hours at 
40°C without degradation; and 
blue laser diode threshold voltages 
in the 4-5 V range (compared with 
12 to 15 V from other laser devel- 
opers). This threshold advantage 
was attributed to the nickel/gold 
contact system and the annealing 
process. 
Nakamura also reported that ni- 
tride-LED power output was little 
changed by substrate selection be- 
tween conventional sapphire and 
epitaxial layer overgrowth (re- 
ferred to as EL0 or ELOG) wafers. 
However, leakage currents under 
reverse bias were much higher for 
the non-ELOG produced LEDs, 
leading to the presumption that 
high defect levels are responsible 
for high reverse bias leakage cur- 
rents. He also reported the devel- 
opment of laser diodes on 
free-standing GaN substrates (after 
200 nrn of HVPE nitride growth 
and sapphire removal). These 
diodes, with cleaved mirror facets, 
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Figure 7. Pyroelectric coefficients for various inorganic and organic materials (courtesy of 
Rensselaer Polytechnic University). 
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achieved room temperature CW 
output powers as high as 160 mW 
in the 410 nm-wavelength range. 
InGaN quantum well LEDs also 
showed the highest external quan- 
tum efficiencies of 20% at low cur- 
rents (0.1 to 0.5 mA). 
RF and switching 
power 
The plenary paper by Hadis 
Morkoc from Virginia Common- 
wealth University (Richmond, VA, 
USA) covered the transport prop- 
erties and related power device 
potential of 111-nitrides. Since 
high electron velocity is an impor- 
tant property for many devices, 
gallium nitride shows great poten- 
tial even though in real terms it 
may be the second best material 
available. Contributing towards 
this speed would be its mobility, 
which in bulk material has reached 
900 Vs.cm-*; however, mobility val- 
ues as high as 2000 Vs.cme2 have 
been reported for modulation 
doped structures. Consequently, 
bulk material mobility values are 
expected to improve with ad- 
vances in materials quality, as are 
improvements in transconduc- 
tante. With current technology, 
power levels of nitride devices as 
high as 6.6 W.mm-’ at 18 GHz have 
been achieved. Morkoc also be- 
lieves that for graded base het- 
erostructure bipolar transistors 
(HBTs), a factor of 30 improve- 
ment in transit time will be possi- 
ble when breakdown voltages are 
improved. For SiC PIN rectitìers 
their performance could be over 
1000 times better than silicon. 
Spontaneous polarization oc- 
curs in the aluminium gallium ni- 
tride materials system and its 
effects are estimated to be a factor 
of two higher than the intrinsic 
piezoelectric effect. Polarization ef- 
fects are now believed to induce 
the observed red shift, with very 
little contribution from the piezo- 
electric field. 
It wil1 therefore be important to 
be able to control the polarity of 
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Figure 2. Curie temperature for selected inorganic and organic materials (courtesy of 
Rensselaer Polytechnic University). 
gallium nitride layers, ‘but no one 
has a handle on it yet’. 
Su bstrates 
Sylwester Porowski from the High 
Pressure Research Centre, in 
Warsaw, Poland, described their lat- 
est advances in the development 
of bulk gallium nitride crystals.The 
largest crystals now reported by 
his laboratory are 18 mm in galli- 
urn nitride with ‘metallic conduc- 
tivity’ and 14 mm in the gallium 
nitride/magnesium (0.5 atomic 
percent contained Mg) alloy crys- 
tals, which are semi-insulating with 
lO* to 105 Qcm. The magnesium 
‘doped’ crystals are colourless and 
have etch pit densities (epd) re- 
duced by about three orders of 
magnitude (10 to 100 epd) over 
the defect levels of the homo-GaN 
crystals (with epds stil1 in the 10s 
range). The magnesium ‘doped’ 
crystals represent ‘near defect free’ 
substrates. Oxygen and carbon 
are stil1 the most significant impu- 
rities, on the basis of quantity 
and effect, and lower concentra- 
tion levels of these atoms wil1 
be needed before bulk conductivi- 
ty is under control. Unfortunately, 
these large crystals take about 
100 hours to grow using today’s 
equipment. 
Future plans are to increase the 
nitrogen process pressures to 20 
kilobars for 1% nitrogen solubility 
and achieve maximum process 
temperatures of 2000 K, which 
should lead to much higher 
growth rates. These improvements 
are also expected to allow the 
growth of 25 mm (1”) diameter 
wafer/crystals 2 mm thick, and 
eventually to 2” diameter boules 
for slicing into wafers. 
Homoepitaxial layers have been 
grown on these substrates by mol- 
ecular beam epitaxy (MBE) and 
metalorganic chemical vapour 
deposition (MOCVD) processes, 
with similar monatomic step 
layer growth being observed 
for both processes. The gallium 
terminated crystal surfaces are 
relatively inert and require reactive 
ion etching, but the nitrogen- 
terminated surfaces are reactive 
and can be etched; therefore 
chemical mechanica1 polishing is 
possible on the N-terminated 
surfaces 
Using high pressure grown 
magnesium doped and undoped 
gallium nitride substrates for MBE, 
Tin Cheng et nl. (University of 
Nottingham, UK) obtained atomi- 
cally flat regions. In this work, rela- 
tively large areas (2 nm x 2 urn) 
were atomically flat compared 
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Figure 3(a). Contact resistance for Tiná contact layers as a function 
of layer composition. 
Figure 3(b). Degradation of contact resistance for Td layers with 
time. (Courtesy of M. Suzuki et al.). 
with a 5 nm to 15 nm surface 
roughness range (measured by 
atomic force microscopy) for MBE 
growth on lattice mismatched sub- 
strates. 
Pyro and piezo 
In addition to GaN’s wide-ranging 
potential for electronic and opto- 
electronic devices, Michael Shur 
from Rensselaer Polytechnic 
Institute,Troy, Ny, USA (in coopera- 
tion with the University of Virginia 
and APA Optics), described its in- 
teresting piezoelectric and pyro- 
electric properties. 
Their modelling results indicate 
that the c-axis pyroelectric coeffì- 
cients for gallium nitride can be as 
high as 105 VmK’. Because most 
gallium nitride device layers are 
grown 2 to 4 degrees off axis, these 
pyroelectric effects are not nor- 
mally observed. If the layers are 
grown on the crystal axis, howev- 
er, gallium nitride may be a unique 
material and be comparable to the 
best inorganic materials such as 
lead zirconium (PZT) and barium 
titanates (see Figure 1). With its 
spontaneous polarization, gallium 
nitride should make an eflìcient 
heat flux counter. Gallium nitride 
is also unique with respect to 
piezoelectric properties since it 
does not have a Curie point (Figure 
2). Therefore, high tempetature 
piezoeletric devices may be possi- 
ble. 
W. Chow from Sandia National 
Laboratories (Albuquerque, NM, 
USA) also reported on the strong 
piezoelectric effects present in 
wider quantum wells. This effect 
can compete with electron con- 
tìnement and affect laser behav- 
iour, thus giving GaN lasers 
properties that are different from 
other 111-V lasers. 
Cubic CaN 
Although most of the research on 
GaN devices is based on the 
wurtzite crystalline form, research 
continues on the cubic (or zinc 
blende) form at a much slower 
pace. A. Hoffmann, from the 
Technical University of Berlin, 
Germany, described the benetìts 
that cubic gallium nitride could of- 
fer, were it easier to make. Thus, a 
200 meV spectra1 shift in emission 
spectrum could be utilized from 
cubic GaN over wurtzite. Only a 
10% indium content in the quan- 
tum wel1 would be needed for 
green emitters and gallium ar- 
senide could be considered as a 
‘low’ tost substrate route to 
cleaved cavity lasers. The potential 
for lower threshold values also in- 
dicates device application advan- 
tages for cubic GaN, when its 
growth technology is optimized. 
UV detectors and LEDs 
S. Krishnankutty from Honeywell 
Technology Center (Plymouth, 
MN, USA), in cooperation with the 
University of Minnesota and North 
Carolina State University, reported 
on the development of MOCVD 
grown aluminium gallium nitride 
(AlGaN) PIN diodes with up to 
45% aluminium mole fraction. UV- 
detectors with cut-off wavelengths 
as short as 280 nm were fabricated 
with low dark currents and quan- 
tum efficiencies as high as 85%. 
The UV detector response band 
Ill-VS Review. Vol.12 No. 1 1999 
33 
m Report 
can be controlled by the alumini- 
um content of the active layers, 
and these detectors have impor- 
tant flame sensing applications. 
Mary Crawford et al. from 
Sandia National Laboratories 
(Albuquerque, NM), in conjunction 
with Brown University, 
(Providence, RI) described the fab- 
rication of W-emitting GaN/ 
AlGaN multiquantum well LEDs. 
These LED structures were made 
from both gallium and aluminium- 
gallium nitride wells and AlGaN 
barriers, and were grown in a low- 
pressure MOCVD reactor. In this 
work, the peak intensities were re- 
ported to increase with reactor 
pressure over the 40, 60 and 80 
torr range. Most electrolumines- 
cent wavelengths were in the 360 
nm range, but emission as low as 
354 nm was obtained from a galli- 
urn nitride well, currently the 
shortest wavelength reported. 
AlGaN-well LEDs produce emis- 
sion below the 350 nm wave- 
length. Solid state emitters such as 
these W-LEDs are needed for 
chemical sensing applications. 
Low resistance 
The quest for low resistance con- 
tacts to p-doped gallium nitride al- 
loys is an on-going project in order 
to make more effcient laser diodes 
and electronic devices. Gradual im- 
provements have been achieved 
with various contact metal combi- 
nations such as nickel/gold or 
cobalt, copper and platinum gold 
systems. Al1 of these have contact 
resistances in the 10w3 - 10e2 Q.crne2 
range and contribute to relatively 
high threshold voltages. 
Masanori Murakami and col- 
leagues from Kyoto University, 
Japan, described a new tantalum/ti- 
tanium contact process, which 
considerably lowered p-layer con- 
tact resistance. A selection of met- 
als such as Ni, Cu, AuTi, Al, Pt, Pd 
and Ta were vacuum deposited on 
magnesiumdoped gallium nitride 
(lol9 cms3) and evaluated for their 
contact resistance.Tantalum and ti- 
tanium showed low resistance lev- 
els and there was a preferente for 
these metals because of ‘their low 
enthalpy for hydride formation’ . To 
evaluate the low-resistance con- 
tacts formed by these metals, 100 
nm thick bimetallic layers of titani- 
um and tantalum were sequentially 
deposited with various metal con- 
tent ratios, as were 50 nm layers of 
each metal. After photolithography 
to define contact areas on the galli- 
um nitride layers, all contact layers 
were subject to an 800°C vacuum 
anneal for 20 minutes (10” atmos- 
pheres). The resistance values ob- 
tained for the contacts versus the 
layer composition are shown in 
Figure 3, from which it can be seen 
that a range of Ta/Ti ratios gave 
contact resistances below the sin- 
gle metal pad resistance values and 
also values belowlO* Q.cmm2. The 
40/60 bimetal composition gave 
the lowest mean resistance value 
ever reported at 3.2 x 10e5 0.cmw2. 
These low contact resistances 
easily meet laser diode or LED re- 
quirements, only adding about 
0.1 V to the laser threshold voltage. 
Thus, this metallization system 
could become a significant factor 
in the manufacture of nitride laser 
diodes. Although some of these 
contact resistances represent at 
least two orders of magnitude im- 
provement, there is a degradation 
of the best initial value during 
room temperature storage and this 
data is shown in Figure 3b. 
Additional work is in progress to 
try to understand and eliminate 
this low temperature degradation. 
Panel session 
The topic for this year’s panel ses- 
sion was ‘High Temperature 
Electronics in Japan and the USA’ 
and the agenda was a brief report 
from the recent visit to Japan by 
the panel members: V Dimitriev, 
I? Chow, S. DenBaars, I? Stipan, 
C. Clarke, M. Shur, E.R. Brown and 
J. C. Zolper. 
Silicon power devices have pro- 
gressed to megawatt capabilities 
and an example would be the IG- 
BT (insulated gate bipolar transis- 
tor). First introduced in 1982, it 
now has many applications that 
can be as high as 3600 V at 1000 A. 
There is an on-going need, howev- 
er, to improve efficiency, power 
control, thermal management and 
distribution, and the largest power- 
consuming regions in the world 
are working to solve these prob- 
lems. It was reported that if Japan 
could replace its silicon power 
electronics with silicon carbide, 
5000 MW would be saved by the 
year 2030. For the USA, this num- 
ber must be much higher. In the fu- 
ture silicon electronics will still 
control a sizeable market, but wide 
gap devices will take a growing 
share. An estimate of the 
silicon/wide bandgap device po- 
tential is given in Figure 4. 
Wide bandgap laboratory de- 
vices have now surpassed silicon 
performance levels and can oper- 
ate at higher temperatures with 
lower power losses and smaller 
heat sink requirements. Therefore, 
a wide range of electronic device 
application markets such as fuel 
cells, engine sensors and circuits, 
power distribution, switching, elec- 
tric vehicles, ships and planes, 
space electron&, harsh environ- 
ment and high frequency uses 
await the commercial availability 
of wide bandgap devices, using 
GaN, SiC or diamond. 
Gallium nitride technology has 
advanced very rapidly in the opto- 
electronic field with commercial 
demand for visible LEDs in display, 
lighting, colour sensor and light 
bulb uses, and for laser diodes m 
data storage and projection uses, 
with special@ applications open 
to W LEDs and lasers. Conse- 
quently, there are about 37 compa- 
nies and 35 universities active in 
photonics, but only about six in GaN 
electronics. Many more companies 
are expected to join the electron- 
ics field as they become aware of 
its potential and as more sources 
of GaN substrates become avail- 
able. Group 111-nitrides are expected 
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Figure 4. Estimated division of high power and temperature device application areas be- 
tween silicon and wide gap materials. 
Near-term DARPA programmes, 
however, are expected to support 
4” and 6” diameter wafer develop- 
ment. Efforts to improve SiC 
wafer quality are in progress 
worldwide and are expected to 
lead to higher device performance. 
The genera1 consensus from the 
panel session was that the USA has 
been investing in SiC technology 
for several years and was ahead, 
but the Japanese industry was now 
spending more and starting to 
catch up. 
to have switching advantages and (5000 V) and higher power capa- Contact: Dr Akzn Mi& 
potential uses on car wheels bilities (300 W pulsed from PO Box 4098 
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but substrate selection is still open. values being regularly announced. Tel: +l-650-968-2383; 
Silicon carbide devices are Three-inch diameter (75 mm) sub- Fax: +l-650-968-8416; 
reaching high voltage operations strates have been announced by E-mail: amills@inreach.com 
three US and one Russian compa- 
ny, and 2” by Nippon Steel, but it 
would appear that all the compa- 
nies are only selling commercially 
at the 2” size. 
GaAs substrates and epitaxial wafers 
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